Graphene is considered a candidate material for spintronics. Recently, graphene grown on Ni(111) has been reported to show a Rashba effect which depends on the magnetization. By spin-and angle-resolved photoelectron spectroscopy, we investigate the preconditions for such an effect for graphene on Ni as well as on Co which has a $3Â larger 3d magnetic moment: (i) spin polarization or (ii) exchange splitting of graphene states in normal emission geometry, and (iii) Rashba-type spin-orbit splitting off normal. As none of these are found to be of considerable size, the reported effect is neither Rashba-type, nor due to the spin-orbit coupling, nor involving the electron spin.
Ferromagnetism in solid carbon can be anticipated based on an analogy to 3d transition metals and 4f rare earths. All of these materials possess an incompletely filled subshell which is not screened from the charge of the nucleus by deeper electron levels of the same orbital quantum number. This is of importance since a strong nuclear field lowers the potential energy of the electron. In a ferromagnet, this lowering must overcompensate the gain in kinetic energy which the parallel alignment of the conduction electron spins involves. According to the Stoner criterion, a high density of electron states at the Fermi energy (E F ) promotes ferromagnetism by limiting this kinetic energy gain.
Carbon ferromagnetism has been theoretically predicted in connection with the high density of states at zigzag edges of graphite since 1996 [1] . In experiments, ferromagnetism of carbon has occasionally been observed, e.g., in meteorite samples [2] and in proton-bombarded graphite [3] . Element-specific x-ray magnetic circular dichroism microscopy has been used to estimate the orbital moment per carbon atom as 5 Â 10 À4 -1 Â 10 À3 B in these pure carbon samples [4] . Furthermore, carbon can become magnetized when in contact with 3d ferromagnets such as in C=Fe multilayers [5] .
Among the different carbon modifications, graphene is attracting considerable attention since it can be isolated as flakes by mechanical exfoliation from graphite and arose as an interesting material for electron transport [6] as well as for magnetotransport [7, 8] . The realization of a spin field-effect transistor has been suggested based on graphene [9] . In order to provide the necessary contact between graphene and the ferromagnet, graphene flakes have been attached to Permalloy [7] and to Co with an alumina layer in between [8] . A large spin relaxation length of 1:5-2 m has been observed at room temperature [8] .
Most recently, angle-resolved photoemission measurements have been conducted for graphene=Nið111Þ [10] . These graphene films are grown directly onto the ferromagnetic substrate by catalytic methods and are geometrically in registry with it [11] . The measured EðkÞ band dispersion is reported to depend on the sign of the magnetization of the Ni substrate [10] . Dedkov et al. interpret their results as showing a Rashba effect in a ferromagnet [10] based on a concept formulated earlier by Krupin et al. [12] . According to Ref. [10] , the graphene states become spin-polarized due to hybridization with the Ni substrate [10] . Because of the Rashba-type spin-orbit interaction brought about by a large potential gradient at the interface, the spin of the electron in the graphene is controlled by the external magnetic field which switches the magnetization of the Ni [10] . Such functionality is intensively sought in spintronics, and Ref. [10] deserves particular attention therefore. Reference [10] is also strongly related to the question for carbon ferromagnetism and to the question for the roles of the interface potential gradient and the nuclear charge in the Rashba effect, as will be discussed below.
We will investigate the correctness of the previous interpretation. In particular, we ask (i) whether the graphene becomes fully spin-polarized by the Ni or, at least, partially spin-polarized and/or exchange-split and (ii) whether there is a Rashba-type spin-orbit interaction of the reported size or, at least, of a size principally measurable. We resolve the electron spin which is the crucial test for the effect reported and, in general, for effects deemed useful for spintronics. We show that spin polarization in graphene=Nið111Þ is below the detection limit of $2% and the conclusion on a Rashba effect, therefore, incorrect. After discussing this result, we will proceed further and develop graphene growth on a Co(0001) surface which is isostructural to Ni (111) but has a higher magnetic moment, a fact which
week ending 6 FEBRUARY 2009 0031-9007=09=102 (5)=057602 (4) 057602-1 Ó 2009 The American Physical Society raises the chances for a detectable effect. Even on Co, the graphene spin polarization and exchange splitting are by an order of magnitude too small for a Rashba effect detectable by spin-and angle-resolved photoemission. We want to recall the Rashba-type manifestation of the spin-orbit interaction [13] : Rashba showed that the absence of structural inversion symmetry at a crystal surface or interface leads to the appearance of two spin-orbit split bands described for nearly free electrons by
where m Ã denotes the effective mass and k the momentum of the electron. The spin splitting between these bands depends via the parameter R / hE z i linearly on the electric field E at the interface. Figure 1 shows a sketch of a free-electron-like band (a) without spin-orbit interaction and (b) subjected to a Rashba-type spin-orbit effect. Figure 1 (c) shows the situation of band ferromagnetism with exchange-split bands, at first without spin-orbit interaction. In Fig. 1(d) , an additional Rashba effect leads to the situation described by Krupin et al. which has been demonstrated experimentally for O=Gd [12] and which we will further on call the ''Rashba þ exchange'' model. The concurrence of exchange and spin-orbit interactions leads to a magnetization-induced shift k k of the electron wave vector in the interface plane k k . Figure 1(d) shows that for k k Þ 0 an energy splitting will consist of two components: an exchange splitting Á ex and a spin-orbit splitting Á so . Á ex is independent of k k , while Á so increases in proportion with k k , i.e.,
This means that even a small exchange splitting could principally lead to a considerable Rashba þ exchange effect for large k k vectors.
The Rashba effect reported for graphene=Nið111Þ [10] can be verified directly by spin-resolved photoelectron spectroscopy for k k > 0. The use of spin-resolved photoelectron spectroscopy [14] for verifying Rashba effects has been demonstrated for various systems [15] [16] [17] . Concerning graphene, this method is essential since it is not a priori obvious whether it will be magnetized strongly by the Ni. For freestanding graphene, the C2p z orbital which forms the band has been predicted to be spinpolarized [18] . On the other hand, the proximity magnetization in C=Fe multilayers with predominantly graphitic sp 2 hybridization amounts to only 0:05 B per carbon atom [5] .
Experiments have been performed with a hemispherical electron energy analyzer at the UE112-PGM1 and PGM2b undulator beam lines at the synchrotron light source BESSY II. The spin quantization axis is in the surface plane of the sample, parallel to the magnetization direction M of the sample and perpendicular to k k [ Fig. 1(f) ]. A W (110) crystal has been prepared by heating in oxygen and flashing to high temperature. The Ni(111) [Co(0001)] surface was created by deposition of 15 monoatomic Ni (Co) layers from an e À -beam evaporator onto W(110) and annealing. The base pressure was 1-2 Â 10 À10 mbar. The graphene layer was formed in a partial C 3 H 6 pressure of 1 Â 10 À6 mbar with the sample held at 800 K for 5 min [19, 20] . Surface preparation, graphitization, and sample orientation have been monitored in situ by low-energy electron diffraction and are identical to those of Ref. [10] . Graphene=Nið111Þ has been remanently magnetized in the film plane along the [1 " 10] axis. The Co(0001) films were magnetized along [1 " 100] . Therefore, the directions of k k for searching for the Rashba þ exchange effect in graphene=Ni and in graphene=Co are rotated by 90 relative to each other; see Figs. 1(g) and 1(h). Figure 2 shows data for graphene=Ni for off-normal emission. The strong difference between spin-up (I " ) and spin-down spectra (I # ) in the range of Ni3d states from E F down to % 2 eV binding energy proves that the Ni underneath the graphene layer is spin-polarized and remanently magnetized. The graphene -derived photoemission peak, however, does not show such a difference, and its background-subtracted spin polarization p ¼ ðI " À I # Þ=ðI " þ I # Þ is indistinguishable from zero [p ¼ ð0 AE 2Þ% corresponding to an estimated spin moment due to the band of ð0 AE 0:02Þ B ]. Note that, in order to explain the effect reported before, the spin polarization p of the peak in Fig. 2 would have, instead, to approach 100%. Physically, the 100% spin polarization means that the ferromagnetic band structure of a strongly hybridized system does not need to follow the simple Stoner-like model with two comparable but exchange-split bands shown in Fig. 1(c) . The density of states of one spin may be suppressed by spin-dependent hybridization with the substrate. In that case of nearly 100% spin polarization, the dashed band in Fig. 1(d) does not occur, and the remaining spin-polarized band will be responsible for the effect shown in Ref. [10] .
Because practically no spin polarization of states is observed in Fig. 2 , the effect reported in Ref. [10] is not due to the Rashba or the Rashba þ exchange effect. The states are not spin split jÁ Rashbaþexchange j < $45 meV). It is important to realize that even if the states were spin split with a splitting of the order of the energy shift reported in Ref. [10] , i.e., 150 meV at 0:7 # A À1 , this would not explain the previous observations as can be seen from Fig. 1(d) : The reason is that reversing the sign of the magnetization M swaps the roles of up-and down-spin spectra, and, if these are of equal intensity, the effect will remain completely unnoticed in spin-averaging spectroscopy. Such a Rashba þ exchange effect would not lead to the behavior of Ref. [10] .
In order to assess whether the values of Á ex , p, or R are for graphene=Nið111Þ on the verge of detectability, we developed the epitaxial pð1 Â 1Þ growth of graphene on Co(0001). Exchange splitting of 3d states and the magnetic moment are %3Â larger in Co than in Ni, and it is expected that exchange splitting and/or spin polarization of graphene states may increase. Figure 3 FIG. 2 (color online) . Spin-and angle-resolved photoemission of graphene=Nið111Þ for upward sample magnetization M " . Spin-resolved spectra I " for spin up and I # for spin down are shown. In addition, the spin polarization p ¼ ðI " À I # Þ=ðI " þ I # Þ of the spectrum is given. No Rashba effect occurs.
relevant dispersions which are similar to those of graphene=Nið111Þ and spin-resolved measurements. [The spin-resolved spectra for opposite magnetization directions have been added in Fig. 3(b) which is possible for normal emission where the Rashba effect disappears; see Eq. (1) .] No large spin-polarization effect occurs for the states of graphene. Despite the %3Â larger calculated exchange splitting of Co 3d states, the graphene exchange splitting [measurable for k k ¼ 0 according to Eq. (2)] cannot be resolved. It is jÁ ex j < $45 meV as derived from data shown in Fig. 3(b) . The background-subtracted spin polarization of the peak, averaged over the 4 measurements in Fig. 3 , amounts to ðÀ3 AE 4Þ%. This corresponds to an estimated spin magnetic moment of the band of ðÀ0:03 AE 0:04Þ B , where the negative sign means antiparallel magnetic coupling of the graphene to the Co. The estimation depends sensitively on the background spin polarization and intensity.
Even in a situation where spin polarization and exchange splitting are very small, a Rashba þ exchange effect could be observed, provided the spin-orbit interaction is large. This is shown in Fig. 1(e) , i.e., for the case Á ex ( Á so . In this case, even a large effect on the electron spin will leave the center of gravity of spin-up and spin-down peaks unchanged. This means that the Rashba þ exchange effect would not manifest itself in any way similar to the recent observation [10] but could be measured by spin-and angleresolved photoemission. This is probed in Figs. 3(c)-3(e) , where for k k ¼ 0:9 and 1:3 # A À1 upwards-magnetization data (M") is shown. In addition, for 1:3 # A À1 downwards data (M#) are displayed which show that the spin polarization reverses with M confirming the ferromagnetic alignment within the system. However, in Figs. 3(c)-3(e) , again no spin splitting is resolved even in the off-normal spectra showing that a measurable spin-orbit effect is absent.
The Rashba effect was assigned to a strong dipole between graphene and Ni due to a potential gradient as a source of the field E in the Rashba model [10] . A surface or interface potential gradient alone is, however, neither sufficient nor necessary for a large Rashba effect. We recently compared different monolayer-substrate combinations of high-Z (Au, W) and low-Z metals (Ag, Mo) [16] . Practically no interface gradient exists in these samples, and the Rashba-type spin-orbit splitting already breaks down when the 5d substrate (W) is replaced by a 4d one (Mo) so that no measurable effect is expected for 3d metals.
In our recent photoemission experiment of the system graphene=Nið111Þ with 1 atomic layer of Au intercalated between graphene and the Ni, we observe indeed a Rashba effect [17] . The Rashba effect is of the type sketched in Fig. 1(b) with the main difference that the splitting in Ref. [17] is independent of k k . This is a direct consequence of the linear relativistic dispersion of quasifreestanding graphene near E F because for a linear instead of a parabolic EðkÞ dispersion, the constant shift k k leads to a constant value of Á so ¼ ðdE=dk k Þk k [17] . The spin-orbit splitting is Á so % 13 meV. This is by 2 orders of magnitude larger than the estimated spin-orbit splitting in freestanding graphene of %0:1 meV [21] . We conclude, therefore, that the spin-orbit splitting in graphene is enhanced by a Rashba effect due to the intercalated 5d element Au and its high nuclear charge.
In summary, we investigated the reported magnetization-dependent Rashba effect in graphene= Nið111Þ by spin-and angle-resolved photoemission. This involves two preconditions: (i) high spin polarization of graphene and (ii) presence of a sizable Rashba-type spinorbit effect. The graphene peaks are neither spin-polarized nor spin split, and precondition (i) is therefore not fulfilled. We developed the growth of graphene=Coð0001Þ where, due to the larger magnetic moment, we expect to enhance the spin polarization of graphene states. Even then, no Rashba effect is seen showing that also (ii) a sizable spinorbit effect is absent. We conclude that a detectable Rashba effect in graphene requires, instead, a material of high nuclear charge. This is the case for graphene=Au=Nið111Þ.
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